This papei* deals in the first place with the effect of minute gaseous impurities which have apparently an important effect in promoting the formation of active nitrogen by the electric discharge. Oxygen is one of them.
Introduction
Many investigations have been made directed to the question of w hether the phenomena of active nitrogen can be obtained in pure nitrogen, or whether an admixture is necessary: and if an admixture is necessary, what is its function. In spite of the large amount of care and labour which has been devoted to this m atter, I have n o t been able to feel th a t th e essential questions have been answered. A full sum m ary of th e literatu re will n o t be attem pted, b u t I will m ention th e following points, which appear crucial.
In m y own early work, I felt convinced th a t nothing b u t nitrogen was involved. The main reasons for this were: (1) T h a t while th e commercial nitrogen of th a t tim e did not give th e afterglow well, it became good by prolonged standing over moist phosphorus to remove th e residual oxygen, the only likely im purity. I t was, of course, dried after th is treatm en t.
(2) The discovery by Fowler and myself (1911) th a t th e characteristic visual afterglow bands belong to the first positive group of nitrogen. No one before or since has ever doubted th a t these first positive bands are due to nitrogen and nothing b u t nitrogen. I t would now adays m ake complete havoc of the successful theory of band spectra to a ttrib u te them to a n y thing else. (3) I found th a t the glowing gas reacted w ith cold m ercury to form nitrides, and w ith hydrocarbons to form hydrocyanic acid, chemically detected (1911) . I could see no place for anything b u t nitrogen in this. However, the next point appeared to p u t a different aspect on the m atter. (4) I t was found by Comte (1913) and by Tiede and Domcke (1913) th a t the glow could, under certain conditions, be reduced to little or nothing, when oxygen was perfectly removed, and th a t it could be restored by th e intentional admission of oxygen. (5) I found (S tru tt 1915) th e restoration of the glow could be achieved by the admission of a trace of gases other th a n oxygen, such as m ethane or hydrogen sulphide. This showed th a t it was incorrect to regard the phenom ena as necessarily dependent on some reaction between oxygen and nitrogen. I regarded them as conditioned in some way by a catalytic action of one of th e im purities introduced, and thought th a t this probably influenced the discharge mechanism which made the gas active.
General
All these la tte r experim ents under (4) and (5) are very difficult to repeat with certainty, though th ey have succeeded on m any different occasions, with different sets up of apparatus and different m ethods of purifying th e nitrogen used, and in the hands of several different experim enters. In taking up the subject again m any attem p ts were m ade to find some source of nitrogen which, when passed through a low-pressure discharge apparatus, would not give the glow under any circumstances. These a ttem p ts were not successful.
Real progress began when I settled down to the use of nitrogen from one source, and studied quantitatively the lum inosity of the glow under varied conditions. This nitrogen was supplied in cylinders by th e Osram Lam p Company of Ham m ersm ith. I t had, I understand, been purified by passing
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Lord Rayleigh over hot copper a t a high pressure, and was used straight from the cylinder, after passing a t a pressure slightly above atmosphere through a column of phosphorus pentoxide 2 cm. diameter and 60 cm. long.
Tests of purity. This nitrogen did not show any trace of luminosity when bubbled through a solution of phosphorus in pure olive oil. This goes to show th a t there is no appreciable amount of oxygen in it. Further, when the afterglow spectrum from it is photographed through a quartz window, no trace of the /? and y bands (Strutt 1917) appears. These bands are a fairly sensitive test for oxygen or carbon dioxide, and come in very definitely when oxygen is adm itted to the extent of 0*1 %.
Further studies on active nitrogen
Further, there was no trace of the cyanogen spectrum in the afterglow which is a sensitive test for hydrocarbons or for carbon monoxide (Strutt 1911) . The afterglow spectrum in fact shows nothing but the a bands and the resonance line 2537 of mercury, derived from the mercury used in the pressure gauge and in the mercury-vapour pump. Several hours exposure were given, working a t 2*3 mm. discharge pressure.
Photometric arrangements. The photometry in this work was all relative to an arbitrary standard. Since it was designed for studying the effect of various changes in the conditions, there was no need for anything more.
The arrangement is shown diagrammatically in figure 1 . The afterglow light G, in a tube of 2 cm. diameter, is viewed directly though not in focus. It is compared with a light from a small incandescent lamp with controlled voltage L, diffused by opal glass at O. The photometric edge is afforded by Lord Rayleigh a silver-on-glass mirror at 45° M, which is viewed in focus by a lens of 5*7 cm. focal length, through an ocular diaphragm a t 10 cm. distance from the lens. The lens and diaphragm are carried in a brass tube. The lens acts to some extent as a field lens, and its area affords the field of view, bisected by the edge of the silver-on-glass mirror, which is seen as a horizontal diameter.
The light under investigation is equalized to the standard by one of a series of neutral glasses indicated a t N . These glasses are arranged along radii of a rotating disk, with vertical axis (not shown) which brings them successively into position. A well-marked click indicates by sound and touch when each glass falls into position, and a legible index in front shows its number. These numbers are 0-13, and denote 10 times the density, i.e. 10 x log10 of the opacity. Thus, for example, glass no. 7 has a density of 0*7 and an opacity of 5*01. The range of thirteen glasses is not always enough. If the source is too bright, a supplementary glass of known number is placed over it, and the resulting number is negative.* If glass 13 still leaves the comparison light, too bright a supplementary glass is placed over the latter and its value is added. The disk arrangement was built by my son, Mr G .R. Strutt, largely of Meccano parts. The advantage of it is th a t the value can be rapidly varied in the dark, clicks being counted to determine the change made.
The nitrogen stream was controlled, as before, by a pipeclay tube (figure 2), sealed a t one end, through which the gas passed from the high pressure (15 cm. above atmosphere) into the vacuum system. The pipeclay tube was graduated in centimetres, and a greater or less length could be used by partly immersing it in mercury. The rates of intake were deter mined by means of a graduated vessel. I f the mercury is lowered, the threeway tap a t the bottom allows gas to be blown off to wash out the space round the pipeclay tube.
To admit a trace of air at pleasure to the nitrogen stream, a second porous pipeclay valve was used, the area of porous surface exposed being much smaller. The pipe stem was sealed a t one end as before, and it was found convenient to cover it all over with sealing wax in the first instance. The sealing wax was removed locally by means of a small drill held in the fingers. In this way five holes were made in a vertical row, each somewhat less than 1 mm. diameter and 1-5 cm. apart. These could be opened in succession by lowering the level of mercury in which the tube was im mersed. There were thus five stages. The rate of admission a t each of these stages was readily determined once for all from the rate of use of pressure on a known volume. To start the air tributary, the mercury test-tube covering it was lowered to a fixed stop. To shut it off, the test-tube could be raised again. B ut in some cases a stopcock placed as close as possible to the main stream was used, to ensure a sudden cut off. The results were, however, sensibly the same whichever method was adopted.
Oxygen produces an effect on the walls
If, as the earlier workers tacitly assumed, the glow phenomena were directly conditioned by the presence of a small volume concentration of oxygen in the nitrogen, then it is evident th a t the glow intensity must increase immediately this condition is established, and it must disappear again immediately the condition is removed. I have long suspected th a t the effect showed itself much more slowly but have lately brought the question to as sharp a test as possible. The plan of experiment was as follows: Pure nitrogen was passed a t a definite rate and at a definite pressure through a discharge tube followed by an observation tube. The intensity of the glow was measured in the steady state. A definite small percentage of air was admitted at time zero, and the consequent variations of intensity with time were determined. In this way the time to establish a substantial increase of intensity was found. I t could be compared with the time required to alter the composition of the gas by sweeping it out of the tube system at the known rate of streaming. A similar test could be made from the time when the air admission was cut off.
For this purpose it was necessary to design the apparatus for constancy of operation. The gas intake was regulated by the pipeclay diffusion valve, and a mechanical pump working a t constant speed kept the gas pressure constant. The discharge was by a 50-cycle a.c. This is much less effective than the condensed discharge for producing intense afterglow, but high intensity was not necessary or even desirable for the work in hand. The advantage of the low-frequency alternating current is th a t it lends itself to steady and uniform working, and this can be checked by ordinary measurements of r.m.s. current and terminal voltage.* The discharge tube was constructed as in figure 3. I t will be noticed th at the gas stream is divided into two equal parts, each of which flows through a tubular elec trode of sheet nickel. The two halves of the stream reunite and pass through a cranked connexion into the observation tube when the glow intensity can be observed photometrically. The cranked connexion is to stop false light from the discharge. I t is blackened externally.
The reasons for this peculiar construction are as follows: I t is essential that the gas should pass straight through the tube, so as to flush it out in a determinate time when the gas composition is altered. This condition will not allow the use of side tubes for the electrodes: for such side tubes would act as 'backwaters' in which the stream would be stagnant. I t is necessary therefore to place the electrodes in the main stream. The more obvious construction is to have a straight discharge tube with the electrodes placed co-axially in it as in figure 4. This would probably succeed if a condensed discharge were used, but with a heavy uncondensed discharge no afterglow is obtained from such a tube. The electrodes get hot, and the afterglow is destroyed by contact with the electrode near the exit. I t was necessary therefore to draw the gas off from a mid-point between the electrodes. The straight tubes at the top (figure 3) of 1 mm. bore divide the gas equally between the two branches, and are so narrow th a t the discharge has no inclination to pass through them. An electric fan was used to keep the discharge tube cool.
An experiment with this arrangement will now be quoted in detail. Nitrogen pressure in discharge tube 2*2 mm. Nitrogen adm itted per second 0*3 c.c. at atmospheric pressure, equivalent to 104 c.c. a t low pres sure.
Volume of discharge tube and connexions from air inlet to photometer 95;5 c.c.
* High-voltage continuous current is of course even better, but the facilities for it were not available.
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Lord Rayleigh (It may be added th a t the discharge current was 33 mA and th a t the air tributary was 5-90 x 10~3 c.c./sec., equivalent to 0-4 of 1 % of oxygen introduced into the nitrogen stream. These data do not enter into the calculation however.)
Time required to wash out the discharge tube 95*5/104 sec. or 0-91 sec.
[This time was approximately verified by the direct method of observing the disappearance of the afterglow. When the discharge current was switched off the glow was no longer generated, and its fairly abrupt afterboundary was seen travelling along the tube. I t passed the place where the photometer was applied in a time judged to be less than 1 sec. after switching off.] The following table gives the result of three runs, starting from the steady state attained when the air tributary is left on. The air tributary is suddenly cut off at time 0, and the intensity decreases. The runs were then made in the reverse manner, starting from the steady state without an air tributary, and suddenly putting it on at time 0. I t is clear that these times are very long in comparison with the time 0-9 sec., required to flush out the tube, and to remove, or establish, the small oxygen concentration added by the tributary stream.
Naturally, when the limiting brightness is being asymptotically ap proached, the time of reaching it is not well defined. This accounts for the considerable discrepancies at the end of the successive runs, and makes it undesirable to state, or attem pt to compare, the respective total times taken for decay or for recovery. I t is better to take a part of the range only.
If we take the intensities 5-0 and 1*6, the time taken to pass over this interval is 30-3 sec. when the intensity is falling, and 8-7 sec. when it is rising. Thus getting rid of the glow by cutting off the air definitely takes longer than recovering it by adding air. [The process of cutting off the an-tributary by a tap is more satisfactorily abrupt than admitting it by uncovering a porous tu b e: nevertheless, the former takes longer to assert itself, so that the uncertainty, if any, cannot affect the conclusion th at the recovery process on adding air is the quicker.]
That the effect of added oxygen persists for a relatively long time after the added oxygen has been removed from the gas space seems to allow of only one interpretation-its effect must be to modify favourably the walls of the tube. To be more specific, it seems natural to assume that the admission of a trace of oxygen, of the order of a fraction of one per cent of the nitrogen, leads to the building up of a layer on the glass which has a favourable effect.
If we are right in assuming that such a layer exists, it seems to be formed, and also to pass off when the oxygen tributary is checked, equally well whether the discharge is going or not. The following experiments may be cited in evidence of this.
The current was maintained throughout at 43 mA. Pressure 2-2 mm.
Further studies on active nitrogen These are the values in the steady state, with the current running continuously. It was found that, having the oxygen tributary on for several minutes but the electric current off, except for the 2 sec. or so necessary for each test, the reading remained at the value 1, intensity 16.
It appears therefore that the oxygen tributary maintained the glass in a condition to give the glow, whether the electric current is running or not.
The rate at which the effect passes off when the tributary is stopped is also independent of whether the electric current is passing. In the fol lowing tests the tributary was cut off by a tap at time 0 : It may be noticed in passing that in this series of tests the effect of the oxygen tributary passes off much more slowly than in the previous set. The discharge tube was not the same-it had been replaced after an accident-but its construction was similar. The exact quantitative repro duction of these phenomena has, I must confess, proved to be beyond my control, though they admit of fairly exact quantitative repetition ag«in and again, with a given set up of apparatus.
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Lord Rayleigh The experiments made hitherto on the restoration of the nitrogen after glow by addition of a trace of oxygen have all been made at relatively high pressure of 2-4 mm., using a discharge with electrodes. It was con sidered desirable to try the same thing with the electrodeless discharge which is specially effective for producing the afterglow at low pressure of 0* 1-0'4 mm.
The discharge vessel used was a cylinder (figure 5) 5 cm. diameter and 9 cm. long. As in other cases, a cranked connecting tube, blackened externally, was used to exclude false light from the discharge getting access to the observation space. With this kind of excitation there is another source of false light to be avoided, namely, stray discharge. The trouble could be dealt with by providing a wire electrode as shown, which was connected to earth, and also to the middle of the exciting coil. A slight parasitic discharge was taken by this wire, but none penetrated into the observation space.
The * Hyvac5 mechanical pump used in the previous work was inadequate for maintaining a gas stream at the lower pressure, and it was supple mented by a two-stage Gaede mercury-vapour pump.
I t was found difficult at first to get the glow down to a low intensity, using the Osram cylinder nitrogen as before. I t Was ultimately done by prolonged streaming with the discharge going, best if the fan normally used to keep the discharge tube cool was stopped. This, and the work of Herzberg (1928) , suggested that heating alone might be effective. The discharge tube was therefore made as hot as was judged prudent by a resistance heater, the exciting coil being removed for the time. The baking out was continued for some time, and the discharge started. It was then found that a marked increase of intensity occurred when the tribu tary stream of air was admitted, and that the original low intensity was ultimately restored when the air was stopped.
Thus, using a nitrogen intake of 0*098 c.c./sec. and an air tributary of 6*69 x 10-3 c.c./sec., the oxygen introduced was 1*4 % of the nitrogen. The discharge pressure was 0*32 mm. After baking out for 6 hr. at a tem perature estimated at 400° C, the results were:
Further studies on active nitrogen The above was a typical result when the discharge vessel had been well blacked out, and the initial intensity had been got to a very low value. When, however, the initial intensity was not so low, the effect of starting the air tributary was to raise the intensity as before, but on cutting off the air tributary a very peculiar effect was noticed. The intensity fell, and it fell much below the steady value at which it had stood initially, slowly rising again to this value.
This was a striking effect, which could be repeated again and again as often as desired, if the tube was in the right condition. How to get the tube into this condition is a matter which has not yet been sufficiently clarified by repeated experiments. The graph (figure 6) shows a typical experiment of this kind. In this case the nitrogen intake was 0* 118 c.c./sec. and the air tributary 2*65 x 10-3 c.c./sec. Thus the oxygen introduced is 0*45 % of the nitrogen. The discharge pressure was 0*4 mm.
Calling the initial intensity unity, it rises to 6*3 on admission of air. On cutting the air off it falls to 0*20, and then,in the course of about 3 min. it rises again to the initial value of unity. No explanation of this behaviour can be offered at present. I t affords further evidence th at surface effects are involved, and that these are highly complex. The fact th at the oxygen tributary acts in just the same way whether the electric current is passing or not seems to show clearly th at the forma tion of oxides of nitrogen by the discharge, which might be adsorbed on the glass surface, has nothing to do with the matter.
0-
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As to what the effect of oxygen is and why it acts in the manner described I have no definite suggestion to offer.
Effect of glass surfaces variously treated ON ACTIVE NITROGEN
I t may be felt that more evidence is required before we can admit th a t a clean glass surface can be in such a state th at it is strongly destructive of the glow. Since well-cleaned glass vessels are in general the most favourable, and since a newly made glass apparatus when first evacuated takes time to get into a favourable condition and improves with prolonged drying, it seems rather paradoxical to assume th a t clean glass can be destructive.
Nevertheless, the investigations of Herzberg (1928) decidedly suggest th a t this may be the case. He found th a t a silica discharge vessel which had been strongly heated got into a state when the glow could not be obtained in it even after cooling, using the electrodeless discharge and static condition Further studies on active nitrogen (no gas stream). I have made a modification of Herzberg's experiment which exhibits the effect in a specially convincing way, since treated glass can be compared with untreated at a single coup deceit, everything being strictly symmetrical between them.
A tube system A B was constructed of pyrex glass as shown in figure 7. I t was exhausted and the upper branch A was heated by a resistance furnace as strongly as possible, short of sucking in. The temperature was 575° C. This was continued for an hour or more and A was allowed to cool. On admitting glowing nitrogen from the stopcock from a large electrode less discharge bulb Ca t 0-3 mm. pressure, the glow was bright in the lo branch B, but scarcely if a t all visible in the upper one A , being evidently destroyed by the walls as fast as it could enter.
By keeping up the supply of active nitrogen the glow in A gradually became perceptible, and after prolonged action it ultimately became as bright as in B. By heating B it in turn could be made dark, and a sponding cycle of changes could be observed.
Herzberg (1928, p. 888) found that the introduction of a trace of hydrogen into electric discharge was the condition for getting the glow back in his silica.bulb. In the present work the glow could be got back again without this. Introduction of hydrogen through a palladium osmo-regulator was tried, and may have accelerated the action somewhat, though I cannot state positively that this was the case.
The tube A was baked out again, allowed to cool, and left exhausted for a week. On admitting the glowing gas at the end of that period, A was dark while B was bright. There is thus no spontaneous recovery, or a t all events none appreciable in this period of rest. Nor does having the tubes full of air or carbon dioxide at atmospheric pressure and temperature for 24 hr. produce any recovery.
On filling with ammonia gas for 24 hr., the recovery if any was slight. This experiment was suggested by Herzberg's view that a trace of ammonia on the glass surface is the favourable condition for glow. He supposes that the ammonia is removed by the baking process. The experiment, however, is not favourable to this explanation.
The tubes were next filled with distilled water, and left overnight. On pouring it off, exhausting in presence of phosphorus pentoxide, and testing, the baked tube was found to be considerably restored, though even then it was by no means equal to the other one.
In the experiments with this apparatus so far described the glowless condition was obtained by heating the pyrex tube in vacuo. I find, however, that the tube can also be rendered glowless by heating it for an hour or two in hydrogen or nitrogen at atmospheric pressure. The nitrogen used was freed from oxygen by standing moist phosphorus in the cold, and drying with phosphoric oxide. On the other hand, heating in oxygen or in air will not make it glowless, and if it is glowless initially it gives the glow again in full brightness after this treatment.
This effect is shown even by oxygen at 1 mm. pressure, with a few hours heating.
Heating in carbon dioxide at 760 mm. also restores the glow, and after this treatment it is very difficult to get the tube glowless again.
I have repeated all these effects with a tube of silica. The above statements are soon made, but much time has been spent in repeatedly verifying them. There are one or two traps to be guarded against. One of these is that pyrex tubes are reduced by hydrogen, with formation of a brown deposit, probably arsenic (Randal and Leeds 1929) . After this becomes apparent I have not been able to put the tube into the glowless condition again', but a new tube shows the normal effect. Again, I have found that a silica tube, when taken into use, sometimes shows anomalous effects. After sottening it in the blowpipe, its behaviour becoihes normal and it will then show the above-described effects with heating in vacuo and with various gases, in any order, and always with the same results, except for the difficulty of getting it dark after it has once been heated in carbon dioxide.
I t is difficult to see the full bearing of these results. They do not favour the view th at freedom from occluded gases will explain the glowless con dition, for having the tube full of air has no effect. Heating in hydrogen produces the glowless condition, and heating in oxygen restores the glow. If this were all we might invoke chemical reduction as the cause, reversed by oxidation. But then the behaviour of nitrogen in inducing the glowless condition, and of carbon dioxide in restoring the glow, would remain unclassified.
The experiments described in this section are, it is thought, of consider able interest in themselves. I t is not clear, however, that they bear very directly on the tests when the glow is restored by a little oxygen added to pure nitrogen; for in the present case the gas is not initially pure, and treatment with cold gases even at atmospheric pressure does not restore the baked tube to its normal condition. Further work is required to elucidate the relation between these phenomena and the others. The broad general fact which emerges is that an apparently clean glass surface may be brought into a condition which is destructive to the glow, and after all this is the main point. However curious the behaviour of glass may be, the more fundamental question concerns active nitrogen itself rather than its relations to the containing vessel.
Further studies on active nitrogen
Experiments in which the wall effect is eliminated
The experiments so far described show clearly enough that the observed restoration of the afterglow at low pressure when a trace of oxygen is added to the nitrogen in use is an effect on the walls of the tube; for it does not assert itself until some time after the new composition of the gas is established. I wished, however, if possible to examine the effect of adding oxygen under circumstances when the action of the walls of the vessel would be eliminated entirely.
At the low pressure used to get the afterglow in its most conspicuous form this is impracticable, because diffusion is so rapid at these low pres sures that the glowing gas gets to the walls immediately. At higher pressire, however, diffusion is not so rapid, and phenomena can be observed which are clearly unconnected with the walls.
After preliminary trials, the arrangement of figure 8 was adopted. A pair of bare nickel wires are arranged radially in a bulb of 500 c.c. capacity, and converge to within a distance of about 7 mm. apart. These wires are bare without any kind of sheath. The nitrogen pressure in the bulb is maintained at 6 cm., and the condensed discharge from a small coil with jar and spark cap passes between these wires where they appear most closely at the centre of the bulb. Under these circumstances the spark is surrounded by an aureole of orange colour, showing the characteristic afterglow spectrum and remaining luminous for 1 sec. or so after the dis charge is turned off. Thus this aureole visibly takes its origin from the spark, and owing to the local character of the excitation it is very much weakened by dilution before it reaches the walls of the vessel. Moreover, it comes off from the spark in visible streamers, and by no means with uniform spherical distribution. These streamers show the turbulent motion of the gas, and their movements are capridious. The point is th at their progress from the spark towards the wall of the tube shows divergence, so that there is no kind of doubt that what is observed near the spark is independent of the wall of the tube.
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Lord Rayleigh gas exit l s entrance
F igure 8 (J actual size)
These phenomena do not absolutely require a stream of gas passing through the bulb, since we depend on diffusion and the convection currents set up by the heat of the spark, to separate the glowing gas from the discharge. However, it was thought best to use the same technique as before for introducing a trace of air into the nitrogen, and this method involves the use of a stream of pure nitrogen into which a small tributary stream of air is admitted. Osram cylinder nitrogen was used as before, dried by phosphorus pentoxide. The rate of intake was similar to th at in the low-pressure experiments, and to maintain 6 cm. of pressure the action of the pump was suitably choked by a capillary tube. With these arrange ments the streamers were kept under observation during a long run, so as to be sure th at all impurities were washed out and the standard conditions established. The development of the streamers reached a definite limit, and did not change for hours. They reached as far as the glass wall in this case, though, as already explained, their origin at the spark was obvious. The nitrogen intake was 916 c.c./hr., measured at atmospheric pressure.
